Background/Aims: Annexin A2 receptor (AX2R) can mediate annexin A2 signalling and induce apoptosis in a variety of cells, but its role in neovascularization (NV) remains unclear. Krüppel-like transcription factor 2 (KLF2) is known to be expressed in a range of cell types and to participate in a number of processes during development and disease, such as endothelial homeostasis, vasoregulation and vascular growth/remodelling. The aim of our study was to investigate the role of AX2R in NV and the plausible molecular mechanism. Methods: We constructed a eukaryotic overexpression plasmid for AX2R (Lenti-AX2R) by using polymerase chain reaction (PCR). The full-length human AX2R gene was transfected into human retinal endothelial cells (HRECs) and human umbilical vein endothelial cells (HUVECs) using lentivirus vectors to overexpress AX2R. All experiments were divided into three groups: control, negative control (Lenti-EGFP), and Lenti-AX2R. Cell proliferation, cell migration, tube formation, mouse aortic ring assays and mouse matrigel plug assay were applied to analyse the effect of AX2R in NV. Furthermore, we conducted flow cytometry to evaluate whether AX2R could influence the cell cycle. A series of cell cycle-related proteins including cyclin A1, cyclin B1, cyclin D1, cyclin E1, CDK1, and p-CDC2 were detected by WB. The mRNA and protein levels of KLF2, vascular endothelial growth factor (VEGF) and vascular endothelial growth factor receptor 2 (VEGFR2) were further quantified by RT-PCR and WB to reveal the possible mechanism. Results: Overexpression of AX2R significantly inhibited cell proliferation, migration and tube formation in both types of endothelial cells (ECs), HRECs and HUVECs. It also suppressed vessel sprouting in the mouse aortic ring assay and NV in mouse matrigel plug assay. Furthermore, infection with Lenti-AX2R lentivirus arrested the cell cycle in S/G2 and influenced the expression of a series of cell cycle-related proteins. We also found that the overexpression of AX2R increased the expression of KLF2, mediating VEGF and VEGFR2. Conclusions: Overexpression of AX2R contributes to the inhibition of NV via suppressing KLF2 ubiquitin-dependent protein degradation, which might therefore be a therapeutic option for NV. It could be considered more broadly as an anti-angiogenic agent in the treatment of neovascular-related diseases in the future.
Introduction
NV, which is the growth of new blood vessels from pre-existing ones, is a highly complex process [1] . In many physiological and pathological processes, such as in wound healing, retinal NV (RNV) and tumour metastasis, NV plays different roles [2, 3] . RNV is one of the main causes of blindness in numerous ocular neovascular diseases including proliferative diabetes mellitus (PDR) and retinopathy of prematurity [4, 5] . The current methods of treatment for RNV are limited. They can improve vision and pathological conditions to some extent; however, they fail to achieve the desired effects [6, 7] . Therefore, it is important and urgent to further explore new targets for the prevention and treatment of adverse effects of NV.
VEGF is well known as the main target for the treatment of ocular neovascular disease. VEGF-related drugs have been used in clinical applications [8] . Over the past several decades, work from several laboratories has shown that annexin A2 plays an important role in NV by interacting with VEGF [9, 10] . Furthermore, work on annexin A2/AX2R in regulation of NV has been reported. Specifically, AX2R is a new vascular regulatory molecule that is considered to be a receptor for annexin A2 [11] . AX2R encoding a 193 amino acid protein was obtained from cDNA clones of bone marrow cells. It is located in chromosome 5, open reading frame 39 [12, 13] . AX2R was originally discovered in 2006 and is involved in the formation of bone marrow stromal cells [12] . AX2R exists on the cell surface and can interact with annexin A2 to promote cancer cell adhesion, migration, and proliferation [14, 15] . However, recent studies have found that AX2R is also present in the cytoplasm and the nucleus, and it can induce apoptosis independently of annexin A2 [15, 16] . Disrupting the expression of AX2R can inhibit proliferation of HUVECs, while overexpression of AX2R is able to induce apoptosis in choroidal melanoma cells [16, 17] . These findings increase our interest in investigating the role of AX2R in NV.
Ubiquitin-dependent protein degradation is involved in various biological processes by regulating protein abundances [18] . KLF2, which includes 355 amino acids, has an automatic suppression region in its first 110-167 amino acids that is capable of binding to the ubiquitin ligase WW domain. This domain contains E3 ubiquitin protein ligase 1 (WWP1), and binding leads to KLF2 protein ubiquitination and degradation [19, 20] . Studies indicate that KLF2 can activate endothelial inflammation by upregulating the expression of endothelial nitric oxides (eNOs) through the NF-kB pathway [21, 22] . Meanwhile, KLF2 binds to the VEGFR2 promoter to inhibit migration and expression of ECs [23] . However, the relationship between and function of AX2R and KLF2 in NV remain to be investigated.
Materials and Methods

Materials and reagents
Foetal bovine serum (FBS), penicillin and streptomycin (P/S), Dulbecco's Modified Eagle's Medium (DMEM), Lipofectamine TM 2000, TRIzol reagent, rabbit/mouse secondary antibody and Opti-MEM were purchased from Invitrogen (Shanghai, China). Endothelial cell medium (ECM) and endothelial cell growth supplement (ECGS) were purchased from Sciencell (San Diego, USA). Antibodies against AX2R, KLF2, VEGF, and VEGFR2 were purchased from Abcam (Cambridge, United Kingdom). An antibody against GAPDH was purchased from Abclonal (Boston, USA). Antibodies for cell cycle related-protein, including cyclin A1, cyclin B1, cyclin D1, cyclin E1, CDK1, and p-CDC2, were purchased from Proteintech TM (Wuhan, China). 
Cell culture
HRECs were purchased from Sciencell (San Diego, USA), cultured in ECM containing 5% FBS, 1% ECGS and 1% P/S. HUVECs and 293T cells were purchased from American type culture collection (ATCC, Manassas, USA) and were cultured DMEM medium containing 10% FBS, 1% P/S, 1% non-essential amino acids (NEAA) and 1% glycine. Cells that had been identified by cell short tandem repeat (STR) genotyping were cultured at 37 ℃, in a 5% CO 2 cell incubator.
Lenti-AX2R plasmid vector construction
The vector used was pRRLsin.PPTs.hCMV.EGFPpre. TRIzol reagent was used to extract total RNA from Human retinal endothelial cells (HRECs). Then, the RNA was reverse-transcribed to cDNA with a reverse transcription kit for reverse-transcription polymerase chain reaction (RT-PCR). The cDNA was used for polymerase chain reaction (PCR). The human AX2R primer sequences for the PCR were as follows: forward, 5' -TCT AGA GCC GCC ACC ATG GAG CAA CAT TTT CTT GGC-3' and reverse, 5'-GTC GAC CTA AGG CTG CTT AGC TCC ACA GAT CCG-3'. The AX2R PCR product that was ligated into the pEasy -Blunt Cloning Vector (pEasyBlunt Cloning Kit; TRAN, Shanghai, China) was 582 bp in length and was inserted between the XbaI and SalI sites in the vector. The Lenti-AX2R plasmid ( Fig. 1 ) was extracted with a QIAprep spin Miniprep Kit (QIAGEN, Dusseldorf, Germany). Sequencing and comparison with the GenBank sequence (NM -001014279.2) were performed to confirm the identity of Lenti-AX2R.
Infection of HRECs and HUVECs with lentivirus
Lenti-AX2R, a recombinant lentivirus vector encoding human AX2R, was generated by cloning cDNA encoding the total length of human AX2R into the packaging plasmid of MDL, VSVG, REV. Cells cultured to approximately 20% confluence were infected with the recombinant lentivirus vector (50 multiplicity of infection) for approximately 48-72 hours to ensure infection efficiency of up to 70-80% before further treatment. The parental lentivirus vector Lenti-EGFP was used as a negative control.
Cell proliferation assay
HRECs and HUVECs were grown in a 48-well plate overnight, and then, Lenti-AX2R lentivirus was added to the wells. Lenti-EGFP lentivirus was added to additional wells as a negative control. The cells were stained after 72 hours using a Cell-Light TM Edu Apollo567 In vitro Kit according to the manufacturer's protocol and observed using a fluorescence microscope (Olympus, Osaka, Japan).
Cell migration assay
The migration assay was performed with a transwell chamber. In brief, 3 × 10 5 cells infected with lentivirus were plated in 100 µL medium in each chamber. After incubation for 12-16 hours, cells that had migrated to the lower surface of the membrane were fixed with 4% paraformaldehyde and stained with crystal violet dye for 2 hours. The stained cells were imaged and counted in 10 high-power fields (Olympus, Osaka, Japan). Tube formation assay Matrigel (150 µL) was added to each well of a 48-well plate. HRECs in ECM medium and HUVECs in DMEM were plated at 3×10 5 cells/well and cultured for 4 hours. Tube formation was examined using an inverted microscope equipped with a digital camera (Leica, Wetzlar, Germany). Tube-like structures exceeding 3 joint points were counted.
Mouse aortic ring assay
The aortas of adult WT C57BL/6 mice (8-12 weeks of age) were dissected and cut into aortic rings . Aortic segments that were placed in a matrigel-covered 96-well plate for 6 days were infected with lentiviral vectors. A crude view of microvascular sprouts was sufficient to identify and count vessels sprouting during the experiment using a phase-contrast microscope (Leica, Wetzlar, Germany).
Matrigel plug assay Lentiviral Lenti-EGFP or Lenti-AX2R was mixed in the matrigel solution at 4 °C with 100 ng/ml VEGF165 and 20 units of heparin. Then, 500 μl of matrigel containing lentiviruses was injected subcutaneously into the abdomen of 6-week-old C57BL/6 male mice. After 6 days, the skin of each mouse was pulled off to expose an intact matrigel plug. Thereafter, haematoxylin and eosin (HE) staining was used to identify the formation and infiltration of new functional microvessels. Functional microvessels with intact RBCs were quantified manually using a microscope.
Cell Cycle assay
Propidium iodide (PI) analysis was used to detect DNA markers. Cells infected with lentivirus were fixed in 70% ice anhydrous ethanol for 2 hours at 4 °C and then stained for 30 minutes using PI at room temperature. The samples were analysed using a MACSQuant Analyzer (MiltenyiBiotec, Teterow, Germany). The data were then analysed using Modfit software.
WB
Cells were lysed with RIPA buffer on ice for 15 minutes, boiled for 15 min, centrifuged at 12, 500 rpm for 5 minutes, and then stored at -20℃.. The protein content was quantified (EZQ® assay, Life Technologies), and 50 µg of each sample was resolved by SDS-PAGE on a 12.5% Mini-Protean® TGX Stain-Free™ Gel (BioRad, Hercules, USA) and transferred to PVDF membranes using the Trans-Blot® Turbo™ Transfer Pack and System (Bio-Rad, Hercules, USA). The membranes were blocked with TBST containing 5% skim milk for 2.5 hours and incubated with primary antibody overnight at 4℃.. Following three washes in TBST, the membranes were incubated with anti-rabbit/mouse/goat IgG HRP secondary antibody (1/2500) at room temperature for 2.5 hours. Chemiluminescence substrate was applied (Clarity™ Western ECL Blotting Substrate, Bio-Rad, Hercules, USA), and the blots were analysed using the ChemiDoc™ Touch Imaging System (Bio-Rad, Hercules, USA). 
Results
Overexpression of AX2R suppresses HREC and HUVEC proliferation
We constructed a eukaryotic overexpression plasmid for AX2R (Lenti-AX2R) to determine whether AX2R plays a role in NV. We first compared the proliferation abilities among the Lenti-AX2R, Lenti-EGFP and control groups. The experimental results demonstrated that in the HREC ( Fig. 2A) and HUVEC (Fig. 2C) populations, cells infected with Lenti-AX2R lentivirus for 48-72 hours had the slowest growth . Furthermore, the number of duplicate cells stained with 1×Apollo was also dramatically decreased for both HRECs and HUVECs (Figs. 2A, 2C ). There were significant differences between the Lenti-EGFP and Lenti-AX2R groups. Moreover, the statistics indicated a remarkable decrease in cell proliferation in the experimental group (Fig. 2B, Fig. 2D ).
Overexpression of AX2R suppresses HREC and HUVEC migration
Furthermore, we investigated whether AX2R affects endothelial cell migration, which is a vital process for NV. After incubation for 12-16 hours in a transwell chamber, fewer cells were observed on the other side of the chamber in the Lenti-AX2R group (HRECs, Fig. 3A ; HUVECs, Fig. 3C ). In addition, the state of cells infected with Lenti-AX2R lentivirus worsened, and their shape was not round any longer. The statistical analysis indicated that the number of migrated cell in the AX2R overexpression group were lower than that in the other groups for both HRECs (Fig. 3B) and HUVECs (Fig. 3D) .
Overexpression of AX2R suppresses HREC and HUVEC tube formation
The role of AX2R in NV was further evaluated using a tube formation assay. We detected that HRECs (Fig. 4A) and HUVECs (Fig. 4C ) infected with AX2R lentivirus had difficulty forming a complete tubular structure compared with other groups. As shown in 
Overexpression of AX2R inhibits NV in mouse aortic ring assay
To better investigate the role of AX2R in NV, we tested the effect of AX2R overexpression on vessel sprouting using a mouse aortic ring assay. After 7-10 days, optimal vessel sprouting could be observed in the mouse aortic ring assay treated with endothelial growth factors, which grew in a line or interweaving a network around the mouse aortic ring on the matrigel. Vessel sprouting could be observed clearly in the control and Lenti-EGFP groups (Figs. 5A , 5B). However, it was difficult to observe complete vessel sprouting around the mouse aortic ring in the Lenti-AX2R group (Fig. 5C) . Moreover, the data showed that AX2R overexpression could suppress mouse aortic ring sprouting significantly at day 8 compared with the other groups (Fig. 5D) . The numbers and lengths of sprouting vessels were further analysed using ImageJ software and presented in a histogram (Fig. 5D) .
Overexpression of AX2R inhibits NV in mouse matrigel plug assay
To determine whether AX2R is important to NV, we studied the effect of AX2R overexpression on the neovascular response using a matrigel plug assay in vivo. We found that matrigel plugs containing Lenti-EGFP virus appeared red and were filled with RBCs 6 days after implantation, indicating that functional vascular structures were induced within the matrigel (Fig. 6Aa, 6Ab, 6Ac) . In contrast, the addition of Lenti-AX2R virus notably inhibited VEGF165-induced vascular growth, and the matrigel plugs were pale due to the lack of RBCs (Fig. 6Aa, 6Ad) . The NV was confirmed by immunohistochemistry using anti-CD31 antibody, which is a specific marker for ECs. A reduction of NV was observed in the presence of Lenti-AX2Rvirus (Fig. 6B) . Collectively, these data suggest that AX2R is a key regulator of NV in vivo. 
AX2R influences HREC and HUVEC cell cycle distribution
The cell cycle is a complicated process that determines cell division and duplication. Since AX2R overexpression could inhibit proliferation of HRECs and HUVECs, we examined whether it affected the cell cycle using flow cytometry. The result showed that the number of cells in G1 phase was invariable. However, the amount of cells in S phase increased, and the amount in G2 phase decreased significantly in the Lenti-AX2R group compared to that in the other groups (HRECs, Figs. 7A, 7B; HUVECs; Figs. 7C,  7D ). The results suggested that AX2R overexpression could prevent cells from transiting into G2 phase from S phase. Meanwhile, a series of cell cycle-related proteins including cyclin A1, cyclin B1, cyclin D1, cyclin E1, CDK1, and p-CDC2 were examined. Among them, the expression of cyclin B1 and cyclin E1 was almost unchanged, but AX2R overexpression increased the expression of p-CDC2 and inhibited the expression of cyclin A1 and cyclin E1 (HRECs, Fig. 7E; HUVECs, Fig. 7F ).
AX2R influenced the functions of HRECs and HUVECs by promoting KLF2
Previous studies indicated that overexpression of AX2R could induce apoptosis in multiple cells and induce tumour cell autophagy [16, 17] . The processes play important roles in ageing, regeneration and the dynamic balance of the body. Meanwhile, the ubiquitindependent protein degradation pathway is involved in both apoptosis and autophagy processes. Our results showed that expression of KLF2 increased at the mRNA and protein levels after ECs were infected with AX2R lentivirus. At the same time, the expression levels of VEGF and VEGFR2 was detected and were decreased significantly in HRECs (Figs. 8A,8B) and HUVECs (Figs. 8C, 8D) .
Discussion
In the present study, we showed that AX2R overexpression could significantly suppress the proliferation, migration and tube formation of ECs (Figs. 2, 3, 4,) . Furthermore, AX2R overexpression could suppress vessel sprouting in a mouse aortic ring assay and NV in mouse matrigel plugs (Fig. 5, 6 ). These data indicated that AX2R might inhibit NV. The cell cycle contains four major phases: G1, S, G2 and M. Cells must experience the whole cycle to proliferate. Since AX2R overexpression could inhibit cell proliferation (Fig. 2) , we further examined whether it is relevant to the cell cycle. We found that compared to other groups, HRECs and HUVECs in the AX2R overexpression group were obviously arrested in S/G2 phase (Figs. 7A-D) . The expression of cyclin A1, cyclin B1, cyclin D1, cyclin E1, CDK1 and p-CDC2 further proved that AX2R overexpression could interfere in the cell cycle process (Figs. 7E, 7F) . Experimental results identified that AX2R, a newly discovered gene, is possibly a functional target of NV.
We provided evidence showing that AX2R overexpression could suppress NV. Although many studies have shown that AX2R is a specific surface receptor for AXNA2, the result we obtained was different [11] . First, the role of AX2R is well known as a receptor for annexin The lengths of sprouting vessels were analysed and calculated using ImageJ (n=8 mice), ***P<0.001. 
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A2 in NV, particularly in tumour diseases [24] . Overexpression of annexin A2, binding and co-localization with S100A10 mediated S100A10 to promote tumour invasion, metastasis, and angiogenesis [25] . However, our results indicated that overexpression of AX2R inhibited the process of NV, suggesting AX2R might not enhance the role of annexin A2 in NV at all. This finding is consistent with previous reports that AX2R could also be located in the cytoplasm and act as a novel inducer of apoptosis independently of AXNA2 in human cells, partially through activating Caspase-8 in a manner that is different from the conventional apoptotic pathway [15] . AX2R was able to induce apoptosis and autophagy in Mum2C cells [17] , which further confirms our conclusion. Furthermore, it is worthy of consideration that the transcriptional level of AX2R in multiple cell types was considerably high, while the translational level of AX2R could hardly be detected [15] . This topic is still worthy of discussion. The previous study showed that disrupting AX2R was able to inhibit NV via inactivating phosphorylation of the AKT and ERK pathways [16] . However, our results showed that overexpression of AX2R could also suppress NV. This is not a contradictory result. This study showed that the expression of AX2R might maintain a balanced status in ECs. Our results also clearly demonstrated that AX2R can interfere in the cell cycle process to influence NV; however, the detailed potential mechanism remains worth exploring. To better understand the process of Lenti-AX2R mediated suppression of NV, we investigated KLF2-related ubiquitin-dependent protein degradation, which was unintentionally discovered when Lenti-EGFP-AX2R (a fusion plasmid) was observed in HRECS and 293T cells. The protein of Lenti-EGFP-AX2R accumulated intracellularly in HRECs and 293T cells, which was possibly related to the protein degradation signal pathway. KLF2 is a central regulator of endothelial functions that plays a critical role in angiogenesis, vascular tone, inflammation and thrombosis [26, 27] , and it is regulated through the ubiquitin-dependent protein degradation pathway at the posttranslational level in endothelial cells [28] . A previous study showed that the E3 ubiquitin ligase WWP1 inhibits KLF2 transcriptional activity and targets KLF2 for ubiquitination and degradation in a ubiquitin ligase activity independent manner [23] . The E3 ubiquitin ligase Smurf1can target KLF2 for degradation in H1299 cells [29] . Our data showed that KLF2 protein expression levels increased when HRECs and HUVECs were infected with AX2R lentivirus. Evidence shows that KLF2 destruction depends on the phosphorylation of KLF2 via glycogen synthase kinase-3 (GSK3) at two conserved phosphodegrons. Overexpression of AX2R might mutate these phosphodegron motifs, abolishing the degradation and ubiquitination of KLF2 [23, 30] . Although studies have shown that KLF2 mRNA expression is regulated by various signals, including stress, growth factors and cytokines in endothelial cells, the mechanism that regulates KLF2 abundance at the posttranslational level has remained largely unknown [31, 32] . How KLF2 protein stability is regulated in endothelial cells has also remained unknown. All the above provide a novel mechanism for the function of KLF2 in ECs. Previous investigations indicated that KLF2 is involved in the process of NV via regulating 
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